Introduction {#sec1}
============

Saccharides are a widely occurring and abundant type of polar, hydrophilic, and highly branched organic compound in natural products. Due to the chirality at many carbon atoms, the possibility of anomers, and several differences in three-dimensional structures, the separation and purification of saccharides are difficult.^[@ref1]^ The current separation methods depend mainly on HPLC using a specific carbohydrate column. Although HPLC achieves fine separation performance for saccharides in the laboratory,^[@ref2]^ engineers are still challenged with the separation of saccharides on a large scale by high-throughput methods at low costs.^[@ref3]^ In the extraction and separation of natural products, lots of saccharide mixtures are generated with the breakage of glycosidic bonds. The aqueous phase containing saccharide mixtures is often discarded directly and would be a cause of considerable pressure for subsequent wastewater disposal.^[@ref4]^ Establishing low-cost and large-scale saccharide separation schemes contributes not only to the efficient utilization of saccharides resources but also to pressure alleviation of wastewater disposal.

Activated carbon (AC) is prepared from coconut shell, lignite coal, bituminous coal, and various other carbonaceous materials. It is a form of carbon material processed to have small low-volume pores that increase the surface area available for a chemical reaction or adsorption.^[@ref5]^ The intricate pore structure contributes to various applications of AC and is also a fine medium for bearing functional groups.^[@ref6]^ The adsorption capacities and reaction activities of AC improve with the increase in the specific surface area and pore structure.^[@ref7]^ According to the classification of IUPAC, three kinds of pores exist in AC. Micropores and mesopores contribute to the major part of the internal surface area. Macropores are generally regarded as the highways into carbon particles. The distribution of functional groups on the surface of AC also depends on the size and distribution of pores.^[@ref8]^ The groups and elements on the interface of pores are regarded as functional. Oxygen, being the predominant heteroatom in all functional groups, involves itself in the formation of functional groups on the surface of AC and gives AC potential for various applications.^[@ref9]^ The surface oxygen is generated mainly from base and acid modification at high temperature during the preparation or slow oxidation in storage or application.^[@ref10]^ In addition to the acid and base modifications, the current modifications for AC are mainly through loading various metallic elements onto AC to achieve different adsorption capacities.^[@ref11]^ Zinc, a transition-metal, group IIB element, has (*n* -- 1)d^10^*n*s^2^ outer electrons. The loss of outer electrons of Zn occurs mainly in the s orbital rather than in the d orbital; thus, the stable ionic forms of Zn is conducive to stable adsorption. Meanwhile, the electrophilicity of the zinc ion formed is moderate, and the adsorbates of the zinc ion can be desorbed during elution.^[@ref12]^ All the properties above enable the AC modified by Zn to have the potential of separation.

The application of a column packed with AC has been applied in the manufacture of fructose syrup.^[@ref13]^ The intricate pores of AC provide a long enough route for the saccharide separation; meanwhile, the surface functional groups contribute to the formation of diverse affinities between AC and different saccharides.^[@ref14]^ Besides pore structure and surface functional groups, another concern for AC column separation is the flow velocity. A column packed with AC could be easily blocked in the separation and elution.^[@ref15]^ The current solutions depend mainly on creating enough space inside AC for the mobile phase through graphitization and granulation. Sufficient internal lamellar space is created during the graphitization of AC,^[@ref16]^ while granular AC is rich in external inter-spherical voids.^[@ref17]^ Nevertheless, highly graphitized AC is difficult to modify for its dense lamellar structure, and the inhomogeneous porosity between particles of granular AC may lead to a turbulent current during the elution. In this study, the calcination production for AC is replaced by microwave heating, which could avoid the collapse of internal pores of AC during calcination,^[@ref18]^ and the expansion from inside out caused by microwave heating creates enough space inside AC.

The AC depending only on the internal pore structure and the functional groups generated from thermal processes without chemical modification could hardly achieve fine separation for saccharides with a carbon atom number less than 30.^[@ref19]^ For now, although monosaccharides and disaccharides could be separated from oligosaccharides, they are still inseparable from each other by the AC column.^[@ref20]^ This paper reports the preparation and characterization of a kind of AC modified by zinc chloride (ZnCl~2~). The columns packed with the prepared AC achieve fine separation for the target saccharides.

Results and Discussion {#sec2}
======================

Preparation and Process Optimization of AC {#sec2.1}
------------------------------------------

The process parameters of AC preparation were screened by RSM using the iodine value (IV) as the dependent variable. The IV is regarded as an estimation for the specific surface area and a measurement for porosity.^[@ref21]^ As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,b, with the increase of input power, the IV of AC peaks at the microwave power of 400 W, and then, the IV decreases. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,c, with the growth of treatment time, the IV of AC increases first then decreases and reaches its peak at approximately 57 min. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b,c, the IV of AC fluctuates in a small range over the different impregnation ratios of ZnCl~2~. With the growth of process time and power, the IV first increases and then decreases, which indicates that the excess energy input may result in the fracture and fusion of the pore structure.^[@ref22]^ Compared with process time and power, the relationship between impregnation ratios and the IV is not distinct. Since the IV is only an approximation for the porous nature of AC, the introduction of Zn onto AC is another concern in this work. A series of evaluations and applications for the AC with ZnCl~2~ impregnation ratios of 0%, 10%, 40%, and 70% were performed using the optimum process power and time, 62 min and 510 W.

![Preparation, optimization, and the porous nature of the AC. (a--c) RSM analysis of the impregnation ratio, process time, and power based on the IV. The AC surface morphology of the (d) blank control group, (e) 10% ZnCl~2~ impregnation ratio group, (f) 40% ZnCl~2~ impregnation ratio group, and (g) 70% ZnCl~2~ impregnation ratio group. (h) N~2~ adsorption/desorption isotherms of different AC groups. (i) Pore size distribution of different AC groups.](ao0c00674_0001){#fig1}

Morphology and Particle Size of the AC Surface {#sec2.2}
----------------------------------------------

The SEM images of AC impregnated with 0%, 10%, 40%, and 70% ZnCl~2~ are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d--g (1000×) and [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00674/suppl_file/ao0c00674_si_001.pdf) (10,000×) (see the Supporting Information). The surfaces of blank samples are smooth with some cracks or voids. With the increase of ZnCl~2~ impregnation ratios, the AC appears with a heterogeneous surface texture with a highly porous structure. The large pores of the micron level can clearly be observed on the surface of AC in 40% and 70% impregnation groups. In general, the pores on the surface of AC result mainly from the thermal expansion induced by power input and the evaporation of ZnCl~2~ during carbonization, leaving a space previously occupied by ZnCl~2~. Considering the size of pores visible in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d--g, the expansion from inside out caused by microwave heating should be the main reason for the increase in the number and diameter of these pores.^[@ref23]^ These pores can be regarded as transportation pores into the porous systems created by the activation processes even if the mesopores and micropores are impossible to visualize at the magnification levels used.^[@ref24]^ As shown in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00674/suppl_file/ao0c00674_si_001.pdf) (see the Supporting Information), the distribution of the particle size of AC is mainly in the range of 30--80 μM in all groups and in accordance with normal distribution, indicating no significant relationship between the impregnation ratio of ZnCl~2~ and particle size distribution. Thus, the particle size is considered as consistent among all groups of AC.

BET Analysis and Pore Size Distribution {#sec2.3}
---------------------------------------

BET gas sorptometry was conducted to examine the porous nature of the samples. According to the classification of IUPAC, isotherms of the impregnation groups are classified as type I, while isotherms of the blank control group exhibit an isotherm between types I and II. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}i, N~2~ adsorption capacities in the impregnation groups are significantly higher than those in the blank control group, especially for 40% and 70% impregnation groups. In the impregnation groups, the N~2~ adsorption capacity rises steeply when *p*/*p*~0~ \< 0.1. When 0.4 \> *p*/*p*~0~ \> 0.2, the increase in N~2~ adsorption capacity slows down. The adsorption behaviors in the medium pressure area demonstrate the distribution of mesopores in the AC. Then, when *p*/*p*~0~ \> 0.4, the phenomenon of capillary condensation occurs in macropores and generates hysteresis loops in all groups.^[@ref25]^

The isotherms turn from an intermediate isotherm between type 1 and 2 in the blank control group to a type 1 isotherm in the impregnation groups. The distinct differences between type 1 and 2 isotherms are the adsorption behaviors in a low-pressure area. Since the inner space of micropores facilitates the occurrence of monolayer adsorption behavior, compared with the blank control, the rapid growth of adsorption capacity caused by the monolayer in micropores at a low-pressure area reflects an increase in micropores in the impregnation groups.^[@ref26]^ Besides, the ratio of adsorption capacity at medium pressure to the total adsorption capacity in the blank control group is slightly above that of the impregnation groups. The adsorption capacity in the medium-pressure area could mainly be attributed to the multilayer adsorption occurring inside mesopores.^[@ref27]^ Thus, the isotherm difference between the blank control group and the impregnation groups validate the sharp increase in micropores. The hysteresis loops with similar patterns distribute in the *p*/*p*~0~ range of 0.4--0.9 in all groups. The hysteresis loops could be classified as IUPAC H3 with characteristic desorption shoulders and lower closure points. Moreover, no clear-cut distinction is observed between the blank control group and the impregnation groups. The results manifest that the different impregnation ratio has no effect on the pore geometry, which is concluded from the pattern of the hysteresis loop.^[@ref28]^

As shown in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00674/suppl_file/ao0c00674_si_001.pdf) (see the Supporting Information), the specific surface area of AC was calculated by Langmuir and BET equations. The Langmuir equation deriving from the monolayer is the upper limit of the adsorption area, while the BET equation models multilayer adsorption occurring inside both micropores and mesopores.^[@ref29]^ Thus, the Langmuir specific surface area is higher than that of the BET surface in all groups. The Langmuir surface area in the impregnation groups is greater than that in the blank control group, which is regarded as an increase of micropores in the impregnation groups. A slight BET specific area difference between the impregnation groups and the blank control group is observed, which illustrates that the mesopores in the AC have no significant change after the impregnation of ZnCl~2~. The conclusions from the comparison of isotherms and the comparison of specific surface area data based on different algorithms are further validated by the distribution of pores calculated with the Horvath--Kawazoe model. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}h, most of the pores fall into the size range of 10--30 Å in all groups. Compared with the blank control group, the proportion of pores with the pore size of \<30 Å increases significantly in the impregnation groups, especially in the 40% and 70% impregnation groups. Strictly according to the classification of IUPAC, although the proportions of mesopores are higher than the proportion of micropores in all groups, the pore size of mesopores in this work is very close to the pore size of micropores, which suggested that the mesopores in the AC mainly function in a way like micropores.

Crystallinity and Crystallite Lattice Structure of the AC {#sec2.4}
---------------------------------------------------------

The phase and crystallite orientation of AC determined by XRD are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--d. The crystallinity of AC is weak with broad diffraction peaks at 2θ *=* 22.585 and 2θ = 46.549. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f, the crystallite lattice structure is further characterized with interlayer spacing (*d*~002~), crystallite thickness (*L~c~*), and crystallite width (*L~a~*). *d*~002~ is calculated by Bragg's law ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}), *L~c~* and *L~a~* are calculated by the Scherrer formula ([eqs [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} and [3](#eq3){ref-type="disp-formula"}).^[@ref30]^ As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e, compared with the blank control, *d*002 values of the AC increase after the impregnation of ZnCl~2~, especially in the 40% and 70% impregnation groups. The interlayer spacings of the AC in this work are in the range of 2.9--3.6 Å, which is much larger than that of graphite.^[@ref31]^*L~c~* values rise with the increase of impregnation ratios, while *L~a~* values have no distinct correlation with the change of impregnation ratios.

![Crystallinity and crystallite lattice structure of AC. XRD spectra of the (a) blank control group, (b) 10% ZnCl~2~ impregnation group, (c) 40% ZnCl~2~ impregnation group, and (d) 70% ZnCl~2~ impregnation group. (e) Crystallite lattice structure parameters of the AC. (f) Diagram for the crystallite lattice structure.](ao0c00674_0002){#fig2}

It is a common phenomenon that the crystallinity of carbon materials remains unchanged and the crystallite lattice changes during the modification, such as the evolution of coal.^[@ref32]^ The increase of *d*~002~ and *L~c~* values could be boiled down to the binding of Zn^2+^ with the carbon interlayer. The atomic radius of Zn, a IIB transition metal element, is larger than that of carbon atom. Thus, the binding of Zn with AC expands the interlayer spacing of adjacent carbon planes. In addition, the involvement of Zn in the formation of the AC structure attenuates the homogeneity of the AC crystallite lattice, which makes carbon planes difficult to attach and embed to each other. The decrease in the homogeneity of the AC crystallite lattice facilitates the free flow of the mobile phase. Among the three XRD parameters of AC, *L~a~* is the only parameter without significant change, which indicates that Zn binds vertically with the carbon planes rather than along the carbon planes. In general, the thickness of the crystallite lattice increases and the width of the crystallite lattice remains unchanged. The increase of interlayer spacing and vertical binding of Zn with the carbon plane make the saccharides interact with adequate zinc ions while passing through the crystallite lattices.^[@ref33]^

Surface Functional Group of AC {#sec2.5}
------------------------------

The results of FTIR are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. The absorption peaks at 3427 cm^--1^ could be attributed to the stretching vibration of all kinds of −OH groups on the surface of AC,^[@ref34]^ and the intensity of which is reduced in impregnation groups with the increase of ZnCl~2~ impregnation ratios. The absorption peaks at 2975 and 2861 cm^--1^ belong to the symmetric and antisymmetric stretching vibrations of C--H in saturated CH--, −CH~2~, and −CH~3~ alkyl groups.^[@ref35]^ The similarity of FTIR signals for the saturated alkyl between the blank control group and the impregnation groups illustrates the structural stability of AC during the preparation. The absorption peaks at 1725 cm^--1^, which increase with the growth of impregnation ratios, are assigned to C=O stretching vibrations of ketones, aldehydes, lactones, or carboxyl groups. The absorption peaks at 1401 cm^--1^ correspond to the in-plane bending vibration of free hydroxyl groups, which show stronger intensities in the blank control group.^[@ref36]^ The absorption peaks at 613 cm^--1^ correspond to the in-plane bending vibrations of C--C=O.^[@ref37]^ In conclusion, with the increase of impregnation ratios, the spectra illustrate the increase in the number of oxygen-containing functional groups and decrease in the number of hydroxyl groups. No new functional groups are introduced, and the carbon skeleton of AC remains unchanged.

![Surface functional groups and Zn/Cl content of the AC. (a) FTIR spectra of different AC groups. (b) Zn/Cl element content of different AC groups. Bars with different superscripts are those significantly different from the control. (\**P* \< 0.05; \*\**P* \< 0.01.) (c) Zn^2+^ exchange mechanism with the surface carboxylic group. (d) TPD spectra for CO evolution in different AC groups. (e) TPD spectra for CO~2~ evolution in different AC groups.](ao0c00674_0003){#fig3}

The stability of the carbon skeleton in the AC means that zinc binds with the C-skeleton in the form of coordination or complexation rather than covalence.^[@ref38]^ This binding form makes surface zinc bind with the saccharide molecules by its own spare electrons. Considering the enhancement of carbonyl absorption peaks, the decrease in the number of hydroxyl groups results from the reduction of surface hydroxyl rather than hydroxyl on carboxyl groups. The decrease in the number of hydroxyl groups and the increase in the number oxygen-containing functional groups could be attributed to the thermal process and the oxidation reaction mediated by ZnCl~2~. The increase in the number of oxygen-containing functional groups, in turn, promotes the stable binding of zinc ions with the surface of AC. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c, the abundance and stability of the surface carboxyl group are important for the formation of the surface cation complex, and the adsorption capacity of AC is correlated with the cation complex formed with carboxyl groups.^[@ref39]^ Thus, the increase in the number of complexes of carboxyl and Zn in impregnation groups enhances the electron capture capacity of AC. Generally speaking, saccharides could form non-specific hydrogen bonds with the hydroxyl of AC and also could form coordination or complexing structures with zinc on the surface of AC.^[@ref40]^ The reduction in the number of hydroxyl groups weakens the capability of AC of forming random hydrogen bonds with saccharide molecules. Thus, the decrease in the number of non-specific bindings relatively increases the number of specific binding between Zn and hydroxyl groups at the isomeric end of saccharides. The ratio change between specific bonds and non-specific bonds gives AC better selectivity for the saccharides.^[@ref41]^

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d,e shows the TPD spectra of AC in all groups. The assignments of peaks in the TPD spectra are as follows: CO~2~ peaks result from the decomposition of carboxylic acids below 400 °C or lactones at approximately 650 °C, and carboxylic anhydrides originate from both CO and CO~2~ at approximately 550 °C.^[@ref42]^ CO peaks result from phenols and ethers at approximately 700 °C, and carbonyl/quinone groups are released at approximately 850 °C.^[@ref43]^ The changes in the proportion of different oxygen-containing groups after the impregnation are mainly evidenced by the increase in carboxylic acid groups and the decrease in free hydroxyl groups. Meanwhile, the impregnation of ZnCl~2~ slightly raises the content of lactone groups and has no significant effect on the content of quinone groups. Considering that FTIR detects the uppermost surface functional groups of a material, the results of TPD, detecting total functional groups of a material, are complementary to the results of FTIR.^[@ref44]^ The consistent results between TPD and FTIR validate the homogeneity of the functional-group changes in both the surface and interior of the AC after impregnation. For powdered AC, the sum of a large number of porous particles, homogeneity of distribution and proportion of the functional groups in AC ensure better reproducibility in the application of AC.^[@ref45]^

Zn/Cl Content Analysis of the AC {#sec2.6}
--------------------------------

As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, compared with the blank control, the content of Zn increases from 14.96 μg/g in the blank control group to 80.92 μg/g in the 70% impregnation group. The increments of Zn in the 40% and 70% impregnation groups are close, and both are higher than those of 10% impregnation groups. The Cl content of AC shows no significant variation in all groups and maintains a background level of approximately 15 μg/g. Considering the ratio of chlorine to zinc in the ZnCl~2~ molecule, the increasement gaps between Zn and Cl suggest the binding of Zn with AC.^[@ref46]^ The results also show that the zinc content of the unit AC is nearly saturated in 40% and 70% ZnCl~2~ impregnation groups.

Separation of the Target Saccharides {#sec2.7}
------------------------------------

As shown in the standard solution in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,b, the HPLC methods established in the work achieve good specificity and separation for the eight saccharides. The minimum detection limits of the eight saccharides are in the range of 13--21 μg/mL. The diagram of the AC column is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. The trisaccharides and disaccharides achieve fine separation inter groups and intra groups. For the monosaccharides, [d]{.smallcaps}-ribose is separated from fructose and glucose successfully. As a pair of isomers with aldehyde and ketone forms, fructose and glucose are also separated at a certain degree. The separation data for the AC columns are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The separation performances in 40% and 70% impregnation groups are better than those in the 10% impregnation group.

![Chromatogram of eight saccharides separated by the column packed with 70% ZnCl~2~ impregnating AC. (a, b) Peaks 1--8 in the standard solution are glucose, fructose, [d]{.smallcaps}-ribose, sucrose, lactose, maltose, melibiose, and melitriose, respectively. Fractions 1--8 are the eluent from AC columns in chronological order. (c) Diagram of the AC column.](ao0c00674_0004){#fig4}

###### Separation Parameters of Columns Packed with Activated Carbon

![](ao0c00674_0005){#gr5}

Columns 1--3 are packed with activated carbon impregnated with 10%, 40%, and 70% ZnCl~2~. (*t*~R~: retention time, *W*: peak width, *A*: peak area, and *R*: separation rate.)

The R values between adjacent fractions are calculated by *R* = 2(*t*~R2~ -- *t*~R1~)/(*W*~1~ + *W*~2~).

The content of target compounds in each fraction are represented as the ratio of the target peak area to the entire peak area (the high-polarity impurities are deducted from the calculation 3 min before).

Specificity of the samples is represented as the retention time of the target peak in fractions to the retention time of the corresponding peak in the standard solution.

The doublet of sucrose is fitted to a singlet for the separation calculation with adjacent peaks.

The doublet of sucrose in the fractions is divided by the corresponding doublet in the standard solution.

The hydroxyl groups on the saccharide molecules all have weak negative charges, while the hydroxyl groups at the isomeric end of saccharides can be deprotonated and possess strong negative charges in the presence of a base.^[@ref47]^ The interaction between the negative charges on saccharide molecules and the positive charges of zinc on the AC surface as well as the hydrogen bonding between oxygen-containing functional groups on AC and hydroxyl groups on saccharide molecules make the retention time of saccharides different during elution. In the complex pore structure, the differences in retention time among the saccharides are further magnified. With the increase in the number of carbon atoms in saccharide molecules, the heterogeneity of charge and structure among the saccharides to be separated became more distinct; thus, the separation performances in the groups of disaccharides and trisaccharides are more than those in monosaccharide groups. For the AC prepared in this work, all characterization data show that the changes of structural and chemical properties in AC are significant when the ZnCl~2~ impregnation ratio increases from 0 to 40%. After that, the changes are not so obvious when the ZnCl~2~ impregnation ratios rise from 40 to 70%. The results above demonstrate that marginal effects of structural and chemical properties occur when the impregnation ratio reaches 40%. Thus, the separation rates for the saccharides are almost the same in the columns packed with the AC impregnated with 40% and 70% ZnCl~2~ and are both higher than the columns packed with the AC impregnated with 10% ZnCl~2~.

Conclusions {#sec3}
===========

In the study, columns packed with a kind of new AC composite are applied to the separation of saccharides. Thermal expansion from inside out mediated by microwave creates abundant pore structures in the AC, which provides a basis for the generation of micropores and mesopores as well as a sufficiently loose internal structure for the mobile phase. The structural characterization results show that the impregnation of ZnCl~2~ increases the porosity of AC and creates a crystallite lattice structure with high affinity for the saccharide molecules. Chemical characterization results show that the new surface structure containing zinc has better selectivity for the eight saccharides. Based on the changes above in structural and chemical properties, the saccharides can be successfully separated by the columns packed with the AC. The AC prepared in the work can be widely used in sugar-containing wastewater disposal at low costs.

Experimental Section {#sec4}
====================

Materials and Reagents {#sec4.1}
----------------------

The eight saccharide standards ([d]{.smallcaps}-ribose, [d]{.smallcaps}-glucose, [d]{.smallcaps}-fructose, lactose, sucrose, maltose, melibiose, and melitriose) were purchased from J&K Scientific with a purity of \>99.5%. ZnCl~2~ from Aladdin is of analytic grade*.* The other reagents and solvents without specific statements are of analytic grade from J&K Scientific*.*

Preparation of AC Modified by ZnCl~2~ {#sec4.2}
-------------------------------------

Maize straw was collected around XiaoWu Village sited at the northwest of Wuhan (N31°17′40.36″, E114°06′46.34″). The maize straw was rinsed with water to remove adhering dirt and soluble impurities and, after that, dried at 60 °C for 24 h. The straw was cut into about 2 cm squares and ground in mortar. Eighty grams of straw was impregnated with 100 mL of ZnCl~2~ solution of different ratios upon a weight basis with concentrations of 10, 20, 30, 40, 50, 60, and 70% for 48 h. The samples were rinsed repeatedly with distilled water and then dried before microwave heating. The radiation time was set as 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 min, and the microwave power was set as 100, 200, 300, 400, 500, 600, and 700 W. After the microwave activation, the samples were allowed to cool and washed thoroughly with distilled water to reach a pH of 6.5--7.0 before characterizations and application.

Process Optimization Screening {#sec4.3}
------------------------------

The AC was preliminarily characterized and screened by the IV. The IV was determined from a method of Na~2~S~2~O~3~ solution titration referring to ASTM D4607-14 (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00674/suppl_file/ao0c00674_si_001.pdf)). The Box--Behnken design in response surface methodology (RSM) was applied to establish the optimal preparation condition. The primary advantage of the Box--Behnken design is in addressing the issues of where the experimental boundaries should be and in particular avoiding extreme treatment combinations.^[@ref48]^ The microwave power, impregnation ratios of ZnCl~2~, and process time were set as the independent variables, and the IV was set as the dependent variables in this study. Applying the optimal microwave process parameters, the AC with ZnCl~2~ impregnation ratios of 0%, 10%, 40% and 70% was sieved through 160 and 300 meshes to obtain AC with a particle size between 96 and 48 μM before the following characterization and application.

Morphology and Structural Characterization of AC {#sec4.4}
------------------------------------------------

The surface morphologies of AC were characterized by a scanning electron microscope (SEM) with a 10 kV accelerating voltage (Zeiss, EVO 50 model). The AC was dried overnight at approximately 105 °C under vacuum before SEM analysis. BET (Brunauer, Emmett, and Teller) gas sorptometry was conducted to examine the specific surface area and porous nature of AC. The AC was dried in a vacuum with applying elevated temperatures, and the volume of N~2~ adsorbed is correlated to the total specific surface area. The specific surface area for AC was calculated by Langmuir and BET equations. The pore size distribution was calculated from the desorption isotherms using the Horvath--Kawazoe model, the pore volume was calculated using a t-plot model. X-ray diffraction (XRD) analysis was conducted on an X-ray diffraction meter (Bruker, D8 DaVinci), equipped with Cu Kα radiation (λ = 1.540476 Å), a LynxEye linear position sensitive detector, and a Ni filter. Data were collected between 5° and 90° in 2θ with the count time of 0.05/step. The AC was dispersed in distilled water for particle size determination using dynamic light scattering (Horiba, La-300).

Surface Functional Group Characterization of AC {#sec4.5}
-----------------------------------------------

The surface functional groups of AC were determined by a Fourier transform infrared spectrometer (FTIR) with the scanning wave range from 4000 to 480 cm^--1^ (TuoPu, FTIR920). The transmission of samples was recorded by using KBr pellets containing 0.1% of the samples. The AC was soaked in a microwave digestion tank (Metash, MWD-630) using a HNO~3~--H~2~SO~4~ binary digestion system before Zn/Cl content determination. The Zn/Cl element contents, using external working curve methods, were determined by an inductively coupled plasma optical emission spectrometer (PerkinElmer, Avio-500) and chlorine detector (Bante, 321-CL), respectively. The measured values of samples were substituted into the calibration curves shown in [Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00674/suppl_file/ao0c00674_si_001.pdf) (see the Supporting Information) to obtain the Cl/Zn contents. The oxygen-containing functional groups in the AC were also analyzed with temperature programmed desorption (TPD) (Micromeritics, AutoChem 2910). The sample (100 mg) was placed in a He + 1% Ne flow of 50 mL/min with a heating rate of 5 °C/min. Evolved CO~2~ and CO between 100 and 1200 °C were detected with a quadrupole mass spectrometer.

Separation of Target Saccharides by the AC Column {#sec4.6}
-------------------------------------------------

The AC was packed into a 24 mm-diameter column, reached 2/3 of the total column height, and compacted using an upper chromatography reservoir flask overnight. The height was kept unchanged during the elution from reading scales on the column.^[@ref49]^ The saccharides were dissolved in distilled water to prepare a 0.5 M solution. Eight different 10 mL standard saccharide solutions were mixed and concentrated to syrup-like solutions for AC column separation. The samples were separated by gradient elution with ethanol aqueous solution containing 0.1% Et~3~N from 80--40% as follows: 80% isocratic ethanol solutions from 0--100 mL, 60% isocratic ethanol solutions from 200--300 mL, 50% isocratic ethanol solutions from 300--500 mL, and 40% isocratic ethanol solutions from 500--600 mL. The flow rate of columns was set at 10 mL/min. The diphenylamine hydrochloride acetone solution mixed with 2% aniline and 10% phosphoric acid was used as a TLC chromogenic agent for detecting eluents. The concentrations of eluents and the standard solution were controlled by scanning TLC to reach approximately 80 times of the minimum detection limit before HPLC analysis.

Establishment of HPLC Methods and Sample Analysis {#sec4.7}
-------------------------------------------------

The detection of fractions from the AC column was performed on HPLC (Agilent 1200 series) equipped with an evaporative light-scattering detector and a carbohydrate column (Agilent ZORBAX). The binary gradient elution system consisted of water (A) and acetonitrile (B). The gradient program ran at a flow rate of 1.0 mL/min as follows: 80% B isocratic from 0 to 15 min, 80--75% B linear from 15 to 30 min, 75--65% B linear from 30 to 60 min, 65--55% B linear from 60 to 80 min, and 55--50% B linear from 80 to 100 min. The column temperature was set at 30 °C. The injection volume was 20 μL.

Statistics {#sec4.8}
----------

All data collection was done at least three times. Data were analyzed using SPSS 17.0 software. The results were represented as mean ± standard deviation (SD) and evaluated by one-way ANOVA followed with a Dunnett post hoc test for multiple comparisons.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00674](https://pubs.acs.org/doi/10.1021/acsomega.0c00674?goto=supporting-info).Abbreviations, Table S1: iodine value determination and calculation of activated carbon, Figure S1: external standard calibration curve of Cl content in the activated carbon, Figure S2: external standard calibration curve of Zn content in the activated carbon, Figure S3: surface morphology (with magnification of 1000× and 10,000×) of the activated carbon, Figure S4: particle size distribution of the activated carbon, Figure S5: process-parameter screening by RSM, and Table S2: porous structure parameters of the activated carbon ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00674/suppl_file/ao0c00674_si_001.pdf))
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